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Tissue equivalent proportional counters (TEPCs) are commonly used for radiation 
monitoring in areas where a mixture of neutron and photon radiations may be present, 
such as those commonly encountered in nuclear power plants. In such radiation fields, the 
dose rate of each component can vary drastically from extremely low to very high. 
Among these possible combinations of radiation fields with very different dose rates, a 
mixed field of an intense photon and a weak neutron dose component is the more 
commonly encountered.  
This study describes the measurement of lineal energy spectra carried out with a 5.1 cm 
(2 inch) diameter spherical TEPC simulating a 2 µm diameter tissue site in low energy 
(33 – 330 keV neutrons) mixed photon-neutron fields with varying dose rates generated 
by the McMaster University 1.25 MV double stage Tandetron accelerator. The Tandetron 
accelerator facility was employed to produce neutrons using thick 
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Be reaction. A continuous spectrum of neutrons is generated at any selected 
proton beam energy which is very narrow at beam energies very close to the threshold of 
the reaction 1.88 MeV and becomes wider as the proton beam energy moves further away 
from the threshold energy of the reaction. Dose rates which resulted in dead times as high 
as 75% for the data acquisition system were employed to study the effect of dose rate on 
the measured quality factors, microdosimetric averages (  and ) absorbed dose and 
dose equivalent. The dose rate at a given beam energy was varied by changing the 
accelerator beam current. A variety of mixed neutron gamma fields was generated using 





Li target using proton beam energies ranging from 1.89 to 2.5 MeV. In direct 
beams, 478 keV photons which are produced in the 
7
Li target via inelastic scattering 
interaction 
7
Li(p, pγ)7Li dominate the low LET component of the mixed field of 
radiation. When a 2 cm thick polyethylene moderator was inserted between the neutron 
producing target and the counter, the low LET component of the mixed radiation field 




H capture interactions in 
the moderator.         
We have observed that high dose rates due to both photons and neutrons in a mixed field 
of radiation result in pile up of pulses and distort the lineal energy spectrum measured 
under these conditions. The pile up effect and hence the distortion in the lineal energy 
spectrum becomes prominent with dose rates which result in dead times larger than 25% 
for the high LET radiation component. In intense neutron fields, which may amount to 
75% dead time, a 50% or even larger increase in values for the measured 
microsdosimetric averages and the neutron quality factor was observed. This study 
demonstrates that moderate dose rates which do not result in dead times of more than 20-
25% due to either of the component radiations or due to both components of mixed field 
radiation generate results which are acceptable for operational health physics mixed 
neutron-gamma radiation monitoring using tissue equivalent proportional counters.     
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As knowledge of biological effects of radiation has improved, definitions and concepts 
have been developed for radiation protection purposes to assist the health physicist. The 
formulation of a system of units based upon the concepts of absorbed dose and dose 
equivalent have been found to work well for simple radiation fields, however, operational 
health physicists working in nuclear power plants or near particle accelerators are often 
faced with the complex problem of mixed fields of neutron and gamma radiations. It is 
difficult in these situations to evaluate absorbed dose and dose equivalent using a single 
measurement with sufficient accuracy for the purposes of radiation protection [1]. 
In these situations neutron dosimetry presents a significant challenge in operational 
health physics. The range of neutron energies and the field intensities encountered give 
rise to significant instrument design problems concerning dose equivalent neutron energy 
response and sensitivity. 
One instrument providing simultaneous information on the photon and neutron dose 
equivalent is the tissue equivalent proportional counter, (TEPCs), which can be used for 
radiation monitoring in areas where a mixture of neutron and photon radiations may be 
present, such as those commonly encountered in nuclear power plants [2]. In such 
radiation fields, the dose rate of each component can vary drastically from extremely low 
to very high. Among these possible combinations of radiation fields with very different 
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dose rates, a mixed field of an intense photon and a weak neutron dose component is 
more commonly encountered. 
In an assessment of the application of tissue equivalent proportional counters in a 
CANDU power plant environment [2] it has been shown that microdosimetric methods 
can be applied to power plant neutron monitoring, although these methods are 
considerably more complex than is usual for routine operational use. One commercial 
system is available based on a low pressure tissue equivalent proportional counter (REM 
500 from Far West Technology). One problem raised by the study carried out in 
reference [2] is that of counter sensitivity. In order to increase the sensitivity to neutrons a 
large diameter TEPC is required, however, this also increases the detector sensitivity to 
photons, which in turns leads to high count rates and high system dead times. 
For the work reported in this thesis, microdosimetric measurements were made with a 5.1 
cm (2 inch) diameter TEPC using the Tandetron accelerator at the McMaster Accelerator 
Laboratory, which was used to produce extreme dose rates of mixed neutron-gamma 
fields, in order to investigate more thoroughly the influence of count rate on 
measurements with TEPC. 
 
1.1 Thesis Objectives 
The main aim for this study was to investigate the response of a tissue equivalent 
proportional counter to obtain microdosimetric information, quality factors, absorbed 
dose, and dose equivalent under mixed neutron gamma field conditions. Dose rates due to 
photons and neutrons which resulted in a high data acquisition dead time were employed 
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to study the high count rate effect from both the low linear energy transfer (LET) 
component and the high linear energy transfer (LET) component of the radiation field.  
 
1.2 Previous Studies with TEPCs in Radiation Protection 
Dosimetry 
Precise evaluation of the energy response dependence of the TEPC is necessary for an 
uncertainty estimation of the dose equivalent as measured by a TEPC, which is needed 
for practical use in radiation protection. 
TEPCs filled with conventional tissue equivalent (TE) gases have a significantly low 
neutron dose equivalent response in the neutron energy region between thermal and about 
200 keV [3, 4]. This under response is mainly due to the TEPC not acting as a good LET 
spectrometer for low energy neutrons producing protons of range less than the simulated 
diameter of the TEPC. 
Theoretical modeling for mono-energetic neutron fields [5] and experimental studies [6] 
suggest that using pure hydrogen as a microdosimetric counting gas would improve the 
dose equivalent response. This improvement is obtained because the number of energy 
deposition events will increase, due to the high cross section neutrons have for elastic 
scattering with hydrogen and hence absorbed dose will be increased giving an increase in 
the dose equivalent. Other methods of improving the TEPC response have been altering 
the atomic composition of counter materials, shape of the counter, thickness of the 
counter body [7], and adding 
3
He to the counting gas in order to enhance the counter 
response by increasing thermal neutron capture [8]. 
4 
 
Although no completely satisfactory solution to the low energy neutron dose equivalent 
response of the TEPC has been found, nevertheless, in general the TEPC has been shown 
to be a good instrument for nuclear power plant radiation protection measurement [2]. 
However, the issue of size of TEPC, count rate and dose equivalent response so far has 
not been thoroughly investigated. 
 
1.3 Outline of Investigation and Thesis 
Chapter 2 presents a comprehensive background to the theory and methods used in this 
thesis. Chapter 3 describes the experimental materials and methods used to investigate 
the tissue equivalent proportional counter (TEPC) response in varying dose-rates of 
mixed neutron-gamma radiation fields. Chapter 4 covers the measurements, analysis and 
discussion of the experiments carried out. Chapter 5 concludes the thesis by summarizing 



















Background to Theory and Methods 
2.1 Mixed Field Neutron-Gamma Radiation Dosimetry 
Due to the fact that neutrons are uncharged particles and do not interact via the 
coulomb‟s force, they can travel through several centimeters of material depending on 
their energy without interacting with other particles. When the neutron finally comes to 
the point of interacting with the nuclei of the absorbing material it can have two fates: a) 
it may be captured by nuclei of the absorber or b) it may undergo a major change in its 
energy and direction through elastic and inelastic scattering. If the neutron is captured 
then gamma rays can be emitted which subsequently produce fast electrons, whereas if 
the neutron interacts with absorber nuclei through scattering, heavy charged particles 
such as proton recoils can be produced and detected [9]. In tissue like materials due to the  
high macroscopic cross section for elastic scattering, hydrogen scattering and recoil 
proton production accounts for approximatelly 97% of the total recoil particle dose [10]. 
Neutrons can also interact through nuclear reactions with the nuclei of the irradiated 
materials. As a result of these nuclear interactions, secondary particles such as protons 
and alpha particles are generated. Neutron produced secondary charged particles deposit 
their energy in the absorbing material there by resulting in the absorbed dose to the 
material. The type and probability of a particular reaction occurring depends on the 
neutron energy and target nuclei [9, 10]. 
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Gamma rays primary interaction with matter, depending on the energy of the photons, is 
through the processes of the photoelectric effect, Compton scattering and pair production, 
producing secondary electrons (charged particles), which leads to the deposition of 
energy in matter and absorbed dose. 
The fundamental way in which radiation interacts with tissue is by energy deposition. 
The basic dosimetric unit measures energy deposition per unit mass of tissue and is called 
the absorbed dose. Ionizing radiation, however, differ in the ways in which they interact 
with biological materials so that equal absorbed doses, that is equal amounts of energy 
deposited, do not have the same biological effects. For example, an absorbed dose of 1 
Gray to tissue from alpha radiation is more harmful than 1 Gray from beta radiation 
because an alpha particle, being slower and more heavily charged, deposits energy much 
more densely along its path. This is taken into account by weighting different radiations 
according to their potential for causing harm to give the equivalent dose.  
Mixed fields are rather common and in fact more the rule than the exception, although 
very often in practice the doses caused by one of the field components are in 
preponderance so that the contribution of the other components can be neglected. When 
this is not the case, dosimetry of mixed fields for radiation protection purposes, i.e. for 
determination of the dose equivalent, presents some difficulty caused by the necessity of 
properly identifying the contribution of each field component. 
The International Commission on Radiological Protection (ICRP) in its report 60 (ICRP 
60, 1990) [11], immediately after proposing absorbed dose (D) as the fundamental 
dosimetric quantity in radiological protection, introduces the radiation weighting factors 
7 
 
(WR) and defining the equivalent dose (H) as the product of both, D and WR. The ICRP 
60 goes on to state:  
“When the radiation field is composed of types and energies radiation with different 
values of WR, the absorbed dose must be subdivided in blocks, each with its own value of 
WR and summed to give the total equivalent dose”. 
Therefore, a first requirement for mixed field dosimetry is the independent determination 
of the absorbed dose caused by each component with different WR values. This 
requirement seems to call for complex dosimetric systems, including specific dosimeters 
for each radiation component or alternatively a single dosimeter, but with analysis 
capability of mixed field and its components. 
 
2.2 Radiation Protection Dosimetry 
Monitoring radiation exposure to an individual is an important aspect of radiation 
protection. It has been shown that high level exposures to radiation result in varying 
degrees of harmful effects to the human body [12]. 
According to the ICRP recommendations the main purpose of monitoring radiation 
exposure is to keep the exposure as low as reasonably achievable (ALARA) and to make 
sure that limits are not exceeded. Therefore it has been found necessary to introduce 
operational quantities that give conservative estimations of effective dose, the quantity 






2.2.1 Ambient Dose Equivalent 
It is not possible to directly apply the primary limiting quantities to routine monitoring 
because they are defined in the individual. Therefore it has been necessary to introduce 
operational quantities which ensure that the primary limits are not exceeded. 
According to the international commission on radiation units and measurements (ICRU), 
the ambient dose equivalent, H*(d), is defined as the dose equivalent at a point of a 
radiation field that would be produced by the corresponding aligned and expanded field, 
in the ICRU sphere (i.e. a 30-cm-diameter sphere made of a tissue equivalent material) at 
a depth, on the radius opposing the direction of the aligned field [13]. As will be 
discussed later, a TEPC measures a dose equivalent which is closely related to, and a 
good measure of the ambient dose equivalent. 
 
2.2.2 Quality Factor and Linear Energy Transfer  
Dosimetry can only be as reliable as the detectors that collect the data; therefore, an 
appropriate method for characterizing the events that take place due to radiation is 
needed. The importance of describing these events was recognized when early 
observations showed that equal amounts of energy deposited by some radiation were 
more damaging per unit absorbed dose than others. For example, alpha particles and 
neutrons are more biologically damaging than beta particles and gamma rays. This led to 
the concept of LET which is important when quantifying the amount of energy imparted 
to a small site size (in the microscopic range) and for determining the biological effect of 
a given absorbed dose. LET can be described as the rate of energy lost by ionizing 
particles as they traverse a medium [14]. Gamma rays (photons) are considered to be low 
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LET radiation because their secondary charged particles are electrons that have a low 
stopping power or rate of energy transfer per unit distance. High LET radiation (which 
consists of heavy charged particles like protons, alpha particles and other heavy ions) 
have characteristically dense linear particle tracks and can produce numerous ionizations 
along their tracks. 
For the purpose of radiation protection, a quality factor (Q), has been assigned to 
radiations of different types to account for this varying ability to cause detrimental 
radiation effects. Risk for detrimental effects from radiation exposure are related to the 
absorbed dose of radiation received as modified by the Q of the radiation. The ICRP 
publication 26 [15] provide a recommended relationship between LET and Q. The 
recommendation was changed in publication 60 [11], where Q was replaced by , the 
radiation weighting factor. However in radiation protection dosimetry and for the 
determination of ambient dose equivalent, the definition of Q and its relationship to LET 
is still used. In this work, Q will be used following the Q(LET) relationship given by 




Figure 1: Schematic representation of quality factor Q as a function of LET as defined by 
the ICRP 60 
 
 
In radiation protection dosimetry, TEPCs provide information on radiation quality and 
quality factors in addition to determining the absorbed dose. 
 
2.3 Proportional Counters  
The fundamental principle behind any radiation detector is to detect and, in most cases, 
measure the changes produced by the interaction of radiation with the detector medium. 
In a proportional counter, gas is used as a medium of interaction and the ionizations 
produced as a result of interactions are measured, providing information about the energy 
deposited. Proportional counters are operated in pulse mode, which enables us to measure 
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the energy deposited per ionizing event. Thus, the output pulses in a proportional counter 
are distinguished by their pulse height which is proportional to size of the energy 
depositing event. 
 The unique characteristic of a proportional counter is its ability to amplify the ionization 
produced by a single particle event into a signal that is large enough to be distinguished 
from electronic noise and thereby be detected [9, 16]. This phenomenon, called gas 
multiplication, is the result of an electron avalanche, a process in which a relatively small 
number of ions produced by a single charged particle track are multiplied through 
secondary ionizations due to a high electric field, near the surface of a small diameter 
anode. Gas multiplication depends on several factors, but in general, depends on 
increasing the electric field within the detector to a high value so that electrons gain 
sufficient energy between collisions with gas molecules as they drift toward the anode 
that they create secondary ionizations in those collisions [9, 16]. Under proper conditions 
the number of electrons in the avalanche can be kept proportional to the number of 
primary electrons. 
TEPCs are proportional counters that can be used to simulate interactions and energy 
transferred to small tissue volumes, which allows the absorbed dose and radiation quality 
to be determined. These detectors can also be used to measure the dose from neutrons, 
charged particles and photons. Two common applications for TEPCs are monitoring in 
areas where a mixture of neutron and photon radiations may be present and the 
characterization of radiation in aircraft and in space. Area monitoring with TEPC has 
been performed at nuclear power plants, nuclear fuel processing plants, and particle 
accelerators used in medicine and physics research [17]. 
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Detectors that will be used for personnel monitoring should be constructed of tissue 
equivalent materials to measure the absorbed dose in tissue. To determine the dose in the 
detector wall, we need the gas to collect and measure the ionizations that take place. In 
order to make this determination, cavity theory gives the relationship between dose in the 
detector wall and dose in the detector gas by the use of an average stopping power ratio, 
as long as certain criteria are met. One criteria is that the particle ranges are large 
compared to the gas volume so that there are no disturbances in the charged particle field. 
Tissue equivalent proportional counters achieve this by operating at low gas pressures. 
This criteria can be relaxed under the conditions that the detector wall and cavity gas 
have the same mass stopping power which is also the case for TEPC [18]. Because of 
this, TEPCs can be used to determine absorbed dose. A proportional counter that operates 
under these conditions possesses favorable properties that are useful in radiation 
detection and personnel monitoring. 
Two proportional counters have been used in this investigation both commercially 
produced and obtained from Far West Technology, California. One was a 0.5 inch (1.3 
cm) diameter Rossi counter and the second was a single wire 5.1 cm diameter counter 
shown in (figures 2 and 3), these counters are the instruments most commonly used in 






Figure 2: the 0.5 inch (1.3cm) diameter Rossi Counter 
 
2.3.1 Tissue Equivalence 
Tissue equivalence in a proportional counter is obtained by using counting gases which 
have the same atomic composition as tissue as well as a cathode or counter wall made of 
tissue equivalent plastic. Since radiation interacting with two different materials of the 
same atomic composition, but different chemical combinations would result in the same 
energy deposition, a multitude of choices for tissue equivalent gases are available. From 
the mixtures of the four most common elements, hydrogen, carbon, oxygen and nitrogen, 
gases with energy absorbing properties equivalent to tissue can be obtained. The two 
most common tissue equivalent gases in use are methane and propane based obtained by 
mixing carbon dioxide and nitrogen with methane or propane. Propane based tissue 
equivalent gas has been used throughout this work, it has the following composition: 
39.6% CO2, 5.4% N2 and 55% propane [20]. 
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Tissue equivalent plastic (A-150) has an atomic composition of 10.1% H, 77.6% C, 3.5% 
N, and 5.2% O with the carbon content making the plastic conductive (20). 
 
2.3.2 Simulation of Unit Density of Microdosimetric Tissue Equivalent 
Volumes 
In order to relate the energy deposition to cellular objects and to measure lineal energy, 
microdosimetric detectors are operated to simulate site sizes in the micro-meter range. To 
achieve this size scaling, the physical size of the detector and the density of the gas are 
used as variables, as they form a conjugate pair controlling the site size simulation [21].  
The physical area of the detector is directly proportional to the counting rate and the size 
of the detector is chosen according to its application. In the case of a low dose rate 
radiation, a larger diameter detector is used in order to obtain adequate counting statistics 
in a reasonable time, and in case of a high dose rate radiation, a smaller size is chosen to 
avoid pulse pile up and higher dead time.  
The energy deposited in a site, by a charged particle, is the product of the mass stopping 
power, the density of the medium, and the path length of the charged particle across the 
volume, (21): 
          (1) 
Where: E is the local energy deposition. 
 , is the mass stopping power of the target material. 
 , is the density of the target medium  
 is the path length across the target volume. 
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The energy deposition in the gas  should be equal to the energy deposition in the tissue 
 for the simulation to hold. Then 
      (2) 
Where  and  are the mass stopping powers of the irradiated tissue equivalent 
gas and tissue respectively.  By definition of tissue equivalence, the mass stopping power 
of tissue and tissue equivalent gas are the same. So Equation (2) becomes: 
            (3) 
Equation (3) gives the condition that the product of the gas density, and the gas cavity 
diameter should be equal to the product of the tissue volume diameter and tissue density, 
to achieve microscopic tissue volume simulation.  
The density of the tissue, the size of the tissue volume, and the size of the detector 
volume are known. The gas density which controls the site size simulation can be 
obtained from Equation (3). 
g = t                  (4) 
Thus, by minimizing the detector volume, higher gas density can be obtained, for a given 
simulated site size, resulting in better pulse height resolution. A higher gas density 
increases the probability of proton interaction with gas, which in turn increases the 
performance of the detector. If the fill gas is not tissue equivalent, the gas density 
required to simulate site sizes are obtained by substituting the appropriate values of 
stopping power in Equations (2) and (3). 
Substituting t and g, the size of the detector used in this experiment, into equation (4), 
the gas density for different site sizes can be calculated.  
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To accommodate various ambient pressure and temperature conditions as well as 
different simulated tissue volume sizes, the pressure of the gas fill may be adjusted. The 
density of the gas in a fixed volume of the detector depends on pressure and temperature. 
By using the ideal gas law, an expression may be derived to calculate the gas density at 
any pressure and temperature from its value at a standard pressure,  and temperature, 
, namely . 
Pressures corresponding to various simulated sizes are calculated using the following 
general formula: 
                             (5) 
Where: 
P = required pressure to simulate the desired tissue volume. 
 = standard pressure. 
= laboratory temperature. 





For propane based tissue equivalent gas  = 1.798 kg/m
3
 at 20 
0
C and 100 kPa (750 torr) 
and by using relationships 4 and 5 the pressure required to simulate a 2 µm tissue site 
with the 5.1 cm diameter TEPC is 2.2 kPa (16.5 torr). 
 
2.4 Determination of Ambient Dose Equivalent with Tissue 
Equivalent Proportional Counter 
TEPCs are made of tissue equivalent (TE) plastic and filled with low pressure TE gas to 
simulate radiation interactions and energy deposition in microscope tissue volume, which 
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allows the determination of the absorbed dose and radiation quality of photons, neutrons, 
and charged particles in a variety of radiation fields [21]. One of the most common 
applications of TEPCs is radiation monitoring in areas where a mixed field of neutron 
and photon radiations may be present, such as those in nuclear power generating stations, 
nuclear processing plants, and particle accelerators used in medicine and physics 
research. In such radiation fields, absorbed dose due to each component radiation, their 
respective quality factors, and total dose equivalent is determined using the fact that 
photon information is solely contained in the lower portion of the lineal energy spectrum 
resulting from electron events whereas the neutron information is restricted to the much 
higher parts of the spectrum [21]. Low dose rate measurements are usually carried out 
using 5.1 cm diameter spherical TEPC (figure 3), or a larger TEPC to achieve the 
required statistical precision in a reasonable interval of time. 
Monitoring of a radiation field can be performed more conveniently with a detector that 
is: 
  Portable and easy to handle, 
 Sensitive to obtain an adequate number of counts in radiation fields in a 
reasonable length of time, 
 Capable of evaluating the absorbed dose of component radiations in a mixed field 
and evaluating the radiation quality for each component radiation to provide an 




Classical experimental microdosimetry employing gas counters and measuring energy 
deposition in simulated micrometer site-sizes has become a particularly useful tool in 
dosimetry on account of two essential properties; first, TEPC are a good Bragg–Gray 
cavity  [18], that for many radiation fields, provides a means of relating the energy 
deposited per unit mass in the gas cavity to the energy deposited per unit mass in the 
material surrounding the cavity; and second, because of the simulated micrometer 
dimensions of the cavity they can be used as LET spectrometers and provide information 
on the charged particle types that make up the interacting radiation field [22]. 
 
 
Figure 3: A 2 inch (5.1 cm) diameter spherical tissue equivalent proportional 
counter. 
 
A 5.1 cm diameter spherical TEPC shown in (figure 3) has been used in our experimental 
microdosimetric measurements and it provides a more direct method by which the 
absorbed dose can be determined by measuring the energy deposition events of charged 
particles produced by the interaction of neutrons. A detailed description of this type of 
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device is given later in this work. The counter is normally filled with a tissue equivalent 
gas mixture at low pressure. For the spherical detector, the energy that a charged particle 
loses when it passes through the counter can be related to the energy that would be lost 
along a microscopic path length within a tissue like medium of unit density (1000 kg/m
3
).  
According to ICRU 36 [23], the term lineal energy which is the quantity mostly used in 
experimental microdosimetry, is defined as the energy imparted by a single event  in a 
volume divided by the mean chord length of that volume. 
            (6)      
The energy which is deposited in a certain volume by a charged particle is referred to an 
energy deposition event. The unit for  is given in .  is the mean chord length, 
derived from the random intersection of straight line paths with the specific volume of the 
counter. 
For a spherical detector,  , where  is the sphere diameter. This expression is 
derived from the general formula for convex bodies of , where  is the volume 
and  is the surface area of the body. 
For the spherical body  is: 
                (7)              
And surface area A is: 
                (8)      
Where r is the radius of the sphere, the mean chord length is therefore: 




2.4.1 Determination of Absorbed Dose 
The absorbed dose in a microscopic tissue volume  is the same as the absorbed dose in 
a tissue volume simulated by a low pressure gas cavity and is given by: 
          (10) 
 is expressed in term of the simulated diameter : 
               (11) 
Where   is the mean chord length of the simulated tissue in microns ,  is 
the product of event size , and the number of times the event occurs over the entire 
spectrum of event sizes,  is the simulated diameter in micrometers (µm) and  is the 
mass of the gas in the cavity. 
The mass of the gas in the cavity  depends on the geometry of the counter and is 
calculated as follows for a spherical counter: 
               (12) 
The diameter of the counter  is two times the radius of the counter , thus the mass of 
the gas in the counter, hence : 
                 (13) 
Thus absorbed dose can be expressed as: 
               (14) 
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For site size simulation we have the condition: 
       (15) 
Where, is the diameter of the gas cavity in meters and is the simulated diameter of 
tissue in meters. 
          (16) 
             (17)  
 Substituting equation (17) into equation (14), and to convert the total absorbed dose from 
 to Gray, equation (14) should be multiplied by . 
        (18) 
For the 2 inch counter the diameter of the counter is 0.0508 meter with a unit density 
tissue equal 1000 kg/m
3
, therefore the absorbed dose defined as:  
        (19) 
 
2.4.2 Determination of Quality Factor 
In radiation protection dosimetry the principal quantity to be measured is not absorbed 
dose, but the absorbed dose multiplied by a modifying factor the purpose of which is to 
take into account the biological effectiveness or quality of radiation field.  
TEPC based instruments provide information on radiation quality and are also used to 
obtain a mean quality factor,  in a mixed photon–neutron radiation field. 
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The value  is determined by the type and energy of charged particles passing through a 
small volume element at a point. It is well known that the biological effectiveness of a 
radiation is correlated with the ionization density or LET along the track of charged 
particles in tissue. The quality factor function  was given ICRP Publication 60 [11]: 
                          (20) 
For TEPC the mean quality factor  is: 
            
Where,  is the quality factor function and  is the dose distribution in terms of 
LET. By assuming that linear energy transfer  is equal to lineal energy . The effective 
quality factor  was determined using the lineal energy dose distribution,  as: 
 =              (21) 
The measurement of lineal energy can provide, in many cases, good approximations to 
determine quality factors and thus the dose equivalent. 
 
2.4.3 Derivation of Dose Equivalent 
The dose equivalent is a weighted absorbed dose designed for radiation protection 
purposes. It serves as a basis for defining exposure limits on a common scale for all types 
and qualities of ionizing radiation. By definition (ICRU, report 51) [24], the dose 
equivalent,  is the product of  and  at a point in tissue, where is the quality factor 
at that point. 
             (22) 
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The unit  the special name for the unit of dose equivalent is sievert (Sv). 
The derivation of the dose equivalent from the measurement of absorbed dose and quality 
factor with a TEPC has also been shown to be a good estimation of the ambient dose 
equivalent H*(d) [3, 4]. 
 
2.4.4 Moments of Single Event Lineal Energy Distribtion 
Lineal energy is a random or a stochastic quantity and is normally expressed in units of 
keV. µm
-1
, it is useful to consider its distribution function (probability distribution). The 
value of the distribution function, F(y), represents the probability that the lineal energy 
due to a single (energy deposition) event is equal to or less than y. The probability 
density, f(y), is the derivative of F(y) with respect to y: 
               (23)  
The probability density  is sometimes called the lineal energy distribution. In 
microdosimetry, other distributions, especially the dose distribution  and averages 
based on the lineal energy, such as and  are also used. 
The first moment of ,  is called the frequency mean lineal energy, is a non 
stochastic property of  and is define for a normalized distribution  as: 
=              (24)                                                                                                                                         
The dose probability density,  is defined as the derivative of D(y) representing the 
fraction of the absorbed dose delivered with a lineal energy less than or equal to y, thus, 
                           (25)  
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Similar to the probability density, the dose probability density, , is also 
independent of the absorbed dose. 
The second moment of f(y), , is called the dose mean lineal energy, is a non stochastic 
property of , and is defined as: 
D  =                           (26)  
Where f(y)  
 
2.4.5 Derivation of Statistical Uncertainty  
The statistical uncertainty estimated in the microdosimetric parameters was calculated by 
using the error propagation formula [25]. 
. 
      (27) 
           (28) 
                     (29) 
         (30) 









Materials and Methods 
3.1 Experiment Set-Up 
Measurements were performed in a mixed radiation field (gamma, fast and slow 
neutrons) at the McMaster University Tandetron accelerator. Protons beam of 2 to 2.5 
MeV bombarding a thick lithium target were used to produce fast neutrons which were 
subsequently moderated. Microdosimetric measurements were made at the McMaster 
University Tandetron accelerator under differing irradiation conditions, i.e., various 
proton beam energies from 1.88 to 2.5 MeV, and beam currents of 10 to 400 µA. The 
TEPC used were a standard 2 inch (5.1 cm) single wire proportional counter and the 0.5 
inch Rossi counter (available from Far West Technology, California, Goleta, USA).  
The experimental techniques generally followed those described in literature [21]. A 
block diagram related to the experimental set-up for microdosimetric procedures is 
shown in figure 4. 
A complete data acquisition system for the detector includes: 
 One pre-amplifier, which acts as an interface between the detector and pulse 
processing circuits. It is a charge sensitive device, converting charge collected by 
the detector into a voltage. 
 Two amplifiers, amplify the shaped analogue pulses from the preamplifier with a 




 Two multi-channel analyzers, which convert the analogue pulses into digital 
signals. Each digital value is subsequently sorted in a channel in the MCA. As 




Figure 4: Overall arrangement for the measurement of the lineal energy spectrum with a 
TEPC in various neutron beams at the McMaster University Accelerator Laboratory. 
 
A control unit also must be provided for assembling the information of the whole detector 
and storing data in memory. In each data acquisition run, the proportional counter was 
irradiated in the accelerator neutron beam, pulses from the counter under went pulse 
height analysis as show in figure 4. The high voltage supply was directly connected to the 
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counter anode. A second high voltage supply was used in the case of the 0.5 inch (1.27 
cm) Rossi counter to bias the helix wire typically run at 15% of the anode voltage. 
Charges produced in response to ionization in the detector are fed through a preamplifier 
and emerge from the detector output in a form similar to that shown in figure 4. 
The measurements represent the detection of events over some finite, time period. The 
end result of a measurement is a collection of stored digital signals sorted by pulse height. 
These values are displayed graphically as a frequency distribution. At all stages in the 
pulse processing chain, proportionality between the detected event, the analog pulse 
amplitude, the digital signal value, and the corresponding channel number is strictly 
maintained. 
Since a finite period of time is required to detect a pulse and process its signal, some 
errors in pulse processing may occur, depending in the interval between pulses. For 
example, while the electronic signal resulting from one neutron detection is being 
processed, another signal may be created by a new neutron event before the first signal 
has been completely evaluated. Such errors can become more pronounced as beam 
intensity increases. To compensate for these factors, correction are designed into the 
pulse processing sections, these include dead time correction, pulse pile up rejection. It is 
the purpose of this study to thoroughly investigate these effects on the values of 
dosimetric quantities measured with tissue equivalent proportional counters. 
 
3.2 Principle of TEPC Calibration 
The pulse height for any particle that traverses the cavity is proportional to the energy it 
deposits in the cavity, and since the mass of the gas is constant, the pulse height is also 
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proportional to the absorbed dose in the gas due to that particle. However, the pulse 
height is not proportional to the stopping power of the particle since its path length 
through the cavity is unknown. This raises the question of pulse height calibration. 
In most microdosimetric studies a proportional counter simulating tissue dimensions 
ranging from a few tenths to a few microns is used. Tissue dimensions are simulated by 
filling the chamber with tissue equivalent gas as discussed in chapter 2 section 2.3.2. 
Usually an internal alpha particle source is provided in these counters for calibration 
purposes.  
Normally, alpha particles from an Americium or Curium source are collimated and 
directed along one of the diameters of the proportional counter. These alpha particles 
produce ionization in the filling gas which is proportional to the amount of energy 
deposited in the counter. This ionization is then multiplied by the gas gain of the counter, 
the resulting charge collected on the anode wire is converted to a voltage pulse and 
further amplified using a preamplifier and linear amplifier, and then stored in the 
appropriate channel of a pulse height analyzer. In practice the alpha peak is broadened 
due to such factors as collimator design, and energy straggling. Precise determination of 
the position of the maximum can be made by fitting either a parabola or a Gaussian to the 
upper half of the peak as shown in (figure 5). 
The average amount of energy lost in the counter by alpha particles is calculated from 
knowledge of the stopping power value for the filling gas and the path length traversed 
by the alpha particles. Thus, the pulse height analyzer is calibrated in terms of alpha 












Figure 5: Pulse height distribution of internal alpha source for TEPC calibration. 
 
The system shown in figure 5 was calibrated by irradiating the counter with a finely 
collimated internal 
244
Cm alpha source which deposits 170 keV in a 2 μm diameter TE 
gas corresponding to a lineal energy of  = 127 keV μm
-1
. Taking the mean chord length 
of the TEPC to be 2/3 diameter i.e. 1.337 μm. The mean pulse height, corresponding 
to the mean energy imparted in the cavity, was evaluated by fitting a Gaussian curve to 
the measured peak. Using  and , the calibration factors (CF) were calculated to 
convert the pulse height measurements conducted with two overlapping blocks of 
amplifier settings into a single spectrum of lineal energy as: 
        for MCA1           (32) 
Where, G is the gain ratio for the two different amplifier settings, and  for 
MCA2 used in the calibration process. 
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A TEPC measures the charge produce in the counter, which is proportional to the number 
of ions that have been created by the energy deposition event, the relationship between 
the two quantities is the W-value which is the mean energy required to produce an ion 
pair. In order to change the measured number of ions to imparted energy a constant W-
value is considered, this is done as it is not appropriate to identify the type and energy for 
each ionizing particle which constitutes an event. In our measurements no a correction 
factor has been used to take into account the likely difference between the W-value of the 
alpha particles used for the counter calibration and the protons generated by the neutron 
radiation field. This effect is considered to be very small as the W-value for both the 5.8 
MeV alpha particles and protons in the energy range of 100 keV is 31 eV in methane 
based TE-gas (ICRU report 31) [26]. 
To obtain a CF necessary for the conversion of the multi-channel analyzer channels into 
lineal energy, the  value calculated from energy loss of alpha particles is divided by the 
channel number of the alpha particle energy loss peak observed on the multi-channel 
analyzer. Thus a calibration factor is obtained in terms of ( . 
For the anode voltages used in this investigation typical calibration factors were 
calculated using equation 32 to be: 
CF1 = 0.00098 keV/µm/channel and CF2 = 0.039 keV/µm/channel 
Now, if the calibration factor is multiplied by the lowest channel number on the 
multichannel analyzer (500 channels) and also by the last multi-channel analyzer channel 
number (16384 channels), the lowest measurable event size and the highest event size for 
the spectrum can be determined. 
The maximum and minimum values of the event size are: . 
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3.3 Accelerator Based Neutron Source  
The 1.5 MV double stage Tandetron accelerator was used to produce low energy fast 
neutrons of mean energy less than 500 keV for characterization of the dose rate response 
of TEPCs employed in this study. The neutron beam was originally designed for in-vivo 




















Figure 6: Layout of the irradiation cavity for TEPC measurements 
 





Be interaction. The target is mounted at the end of the beam duct and cooled with 
water to prevent heating by the proton beam high currents. The target holder used for 
experimentation has a copper backing between the water channel and the target. The 
facility consists of an arrangement of polyethylene moderator, lead filter, graphite 
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reflector, and phantoms to access the irradiation area and the shielding of the subject‟s 
body. However, the moderator, filter, and graphite reflector back-plug were removed to 
irradiate the TEPCs by the neutrons produced directly from the lithium target. 
This facility was operated at proton beam currents as low as 5 µA and up to 400 µA for 
the experimental data presented in this work. The total neutron yield of a thick lithium 
target increases with increase in the incident proton beam energy due to an increase in the  
Li(p,n) cross section above the reaction threshold energy and the greater penetration of 
the high energy protons into the thick target. This increase in beam energy is 
accompanied by an increase in mean neutron energy. 
A proton beam energy of 1.884 MeV was used to produce neutrons of the lowest energy 
used in this study of 31 keV with an energy spread of approximately 15%. Higher beam 
currents were employed to compensate for lower neutron yield and dose rate at the beam 
energies close to the threshold of the reaction. 
In the experiments carried out and reported in the next chapter both the accelerator proton 
beam current and energy were varied to obtain measurements of dose equivalent, mean 
quality factor and microdosimetric averages for a range of doses rates and count rates in 









Results and Discussion 
4.1 Precision of TEPC Measurements  
The purpose of these measurements was to determine the reproducibility of TEPC 
measurements under a given set of experimental conditions. The results have been 
reported as a standard deviation  of a set of measurements performed under identical 
conditions. The coefficient of Variation  defines the reproducibility in 
dimensionless units which is obtained as the ratio of the (SD) to the average of the set of 
measurements. In this section, both  and  are used to express the 
reproducibility of measurements at the Tandetron accelerator based neutron source under 
the following conditions of measurements: 
 Reproducibility of measurements at a given proton beam energy (Ep) and beam 
current (Ip) 
 Reproducibility of measurements with varying Ep at a given Ip 
 Reproducibility of measurements with varying Ip at a given Ep 
The experiments were performed at the Tandetron Accelerator Laboratory at McMaster 
University. The 2 inch (5.1 cm) diameter spherical single wire counter was placed in the 
irradiation cavity centered on the proton beam axis 17cm distance after the lithium target 
see figure 6. There was no neutron moderator inserted between the neutron producing 




The gas gain was set to measure the lineal energy spectrum in the range
. Determination of the dose equivalent H, absorbed dose D, and average 
quality factor  have were made by analyzing each lineal energy spectrum generated by 
energy deposition in a spherical tissue equivalent proportional counter simulating a 2  
site size, and by using the relationships relating absorbed dose, dose equivalent and 
quality factor give in chapter 2 section 2.4.3.  
 
4.1.1 Precision of TEPC Measurements for Given Operating 
Parameters Ep and Ip 
The purpose of these measurements was to determine the reproducibility of TEPC 
measurements under fixed experimental conditions, i.e., when there is no change in any 
of experimental conditions such as beam energy, beam current, distance between neutron 
source and the counter. 
A set of 30 measurements, each for a fixed counting interval of 5 sec was conducted at a 
proton beam energy of 1.89 MeV and 400 μA beam current. 
The parameters estimated from the measured lineal energy spectra figure are given in 
Table 1. This table also presents  and  values for dosimetric quantities of 
interest which indicate that the  values for all of these quantities is less than 4%. 
This means that the quantities of interest are reproducible to within 4% under identical 
conditions of experiments. However, this reproducibility is mainly dominated by the 
uncertainty in these quantities derived from the counting statistics alone. For example, the 
average statistical uncertainty derived from counting studies (equation 29) in the dose 
equivalent for this group of 30 measurements is 5.4% (see Table 1 column 7), which is 
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almost comparable in magnitude to the of this set of measurements. So it should be 
expected that the  will further improve as the statistical uncertainty in individual 
measurements is improved which could be improved either by extending the interval of 
counting, or running the experiments at higher beam currents, or possibly both at the 
same time. However, in real time measurements, for example in a power plant working 
zone, the measurements generally have statistical uncertainty even larger than those we 
have in these measurements. So no further attempt was made to improve  of 
measurements as it is not required in the situation, where our interest is in mimicking and 

















Table 1: Reproducibility of 2 inch (5.1 cm) TEPC measurements at 
 Ep = 1.89 MeV and Ip = 400 µA with dose and dose equivalent rates  
normalized to beam currents of 100 μA. 
 
   
Experimental 
Series 
Dose rate per unit  
100 μA  
Dose eq. rate per  





(keV/μm) (keV/μm) (%) 
1 0.0160 6.49 0.1036 17.30 28.89 5.33 
2 0.0165 6.54 0.1077 17.39 28.67 5.36 
3 0.0162 6.54 0.1059 17.47 27.73 5.41 
4 0.0165 6.33 0.1046 17.07 27.66 5.39 
5 0.0165 6.26 0.1031 16.92 27.00 5.29 
6 0.0166 6.75 0.1123 17.95 29.95 5.44 
7 0.0150 6.45 0.0993 17.89 28.60 5.48 
8 0.0163 6.46 0.1052 17.60 29.58 5.42 
9 0.0165 6.49 0.1069 17.60 29.66 5.34 
10 0.0163 6.54 0.1066 17.25 29.48 5.55 
11 0.0164 6.97 0.1140 17.75 29.72 5.49 
12 0.0163 6.40 0.1041 17.41 27.03 5.29 
13 0.0162 6.48 0.1047 17.35 28.28 5.46 
14 0.0161 6.52 0.1053 17.37 29.54 5.57 
15 0.0166 6.68 0.1112 17.58 29.41 5.41 
16 0.0159 6.74 0.1072 18.08 31.30 5.66 
17 0.0164 6.59 0.1082 17.48 28.18 5.36 
18 0.0161 6.61 0.1065 17.91 28.41 5.30 
19 0.0167 6.63 0.1105 17.56 29.79 5.42 
20 0.0162 6.21 0.1007 17.42 28.93 5.33 
21 0.0163 6.33 0.1030 17.25 28.49 5.49 
22 0.0165 6.41 0.1054 17.45 27.98 5.35 
23 0.0161 6.67 0.1075 17.64 28.37 5.36 
24 0.0164 6.57 0.1081 17.29 29.24 5.58 
25 0.0171 6.69 0.1141 17.08 29.94 5.45 
26 0.0169 6.61 0.1117 17.12 30.45 5.57 
27 0.0174 6.77 0.1178 17.57 29.36 5.22 
28 0.0166 6.57 0.1088 17.46 28.92 5.36 
29 0.0168 6.90 0.1160 18.33 30.29 5.33 
30 0.0167 6.42 0.1074 17.01 27.34 5.27 
31 0.0164 6.35 0.1044 17.67 29.26 5.45 
       
Average 0.0164 6.54 0.1075 17.49 28.95 5.41 
SD 0.0004 0.17 0.0043 0.320 1.019 
 






4.1.2 Precision of TEPC Measurements Due to Varying Ep at a given Ip 
These measurements were conducted to determine the reproducibility of TEPC 
measurements in experimental conditions when experiments require varying Ep at a given 
Ip. Experimental conditions such as source counter distance and beam current including 
counting interval were kept constant throughout the measurements conducted in this 
experimental series. 
A set of 17 measurements was conducted at three different proton beam energies of 1.89 
MeV, 1.90 MeV, and 1.91 MeV at a fixed beam current of 400 . Each measurement 
was carried out with a counting interval of 5 sec.  
The parameters of interest obtained from measured lineal energy spectra are given in 
Tables 2, 3, and 4. These tables also present  and  values for dosimetric 
quantities of interest. The largest  was observed for all quantities of interest at Ep 
= 1.89 MeV and the smallest one was observed at Ep = 1.91 MeV, because the increase in 
Ep is accompanied by an increase in the neutron yield and hence the dose rate increases, 
which results in a smaller statistical uncertainty due to a larger number of counts in a 
fixed counting interval. It is also interesting to note the general conclusions that can be 
drawn from the data shown: 
 The dose rate increases with an increase in Ep, which is in agreement with 
previous investigations [25]. This increase in dose rate stemsfrom an increase in 
neutron yield due to increase in the Li(p,n) Be cross section, an increase in proton 
penetration into the Li target and an increase in neutron kerma factor. 
 The largest , roughly 3%, is not very much different from what was 
observed in the previous set of measurements at constant beam energy and beam 
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current. This means that the uncertainty introduced by changing beam energy is 
very small compared to other sources of uncertainty in our experiments. 
 These short interval measurements of 5 sec have a  smaller than 5% which 
is encouraging in the sense that the measurements can be completed quickly 
without utilizing a huge amount of beam time, however, the measurements which 
are generally conducted at power plant work places have  of 15-20% [2]. 
We have not carried out any measurement at shorter intervals because of 
accelerator operational problems as well as difficulty in pre-setting shorter 















Table 2: Reproducibility of 2 inch (5.1 cm) TEPC measurements at 
 Ep = 1.89 MeV and Ip = 400 µA with dose and dose equivalent rates 
normalized to beam current of 100 μA. 
 
   
Experimental 
Series 
Dose rate per unit  
100 μA  
Dose eq. rate per  






1 0.0123 6.77 0.083 17.64 30.81 
2 0.0115 6.63 0.077 18.15 30.03 
 
0.0123 6.47 0.079 17.15 29.17 
4 0.0124 6.65 0.083 17.68 30.89 
5 0.0125 6.76 0.084 17.36 29.38 
6 0.0122 6.76 0.083 17.84 30.11 
7 0.0121 7.09 0.086 18.74 33.12 
8 0.0119 6.65 0.079 16.87 28.37 
9 0.0121 6.83 0.083 18.03 30.89 
10 0.0118 6.87 0.081 18.29 29.52 
11 0.0116 6.87 0.080 18.49 30.10 
12 0.0122 6.45 0.079 16.92 28.44 
13 0.0122 6.72 0.082 17.77 31.20 
14 0.012 6.64 0.079 18.00 30.49 
15 0.0122 6.91 0.084 18.12 30.56 
16 0.0123 6.88 0.085 17.56 29.40 
17 0.0117 6.66 0.078 17.33 30.01 
 
Average 0.0121 6.74 0.082 17.76 30.15 
SD 0.0003 0.16 0.003 0.53 1.13 
CV(%) 2.3699 2.38 3.348 2.97 3.74 
 











Table 3: Reproducibility of 2 inch (5.1 cm) TEPC measurements at 
Ep = 1.90 MeV and Ip = 400 µA with dose and dose equivalent rates 
normalized to beam current of 100 μA. 
 
   
Experimental 
series 
Dose rate per unit  
100 μA 
     
 
Dose eq. rate per  






1 0.0241 6.81 0.164 18.33 30.06 
2 0.0238 6.96 0.166 18.56 29.57 
3 0.0240 6.94 0.166 18.29 32.21 
4 0.0244 6.96 0.170 18.72 30.64 
5 0.0239 6.88 0.164 18.53 29.63 
6 0.0240 6.95 0.167 18.79 29.63 
7 0.0245 6.84 0.168 18.29 30.30 
8 0.0235 6.76 0.159 18.44 29.26 
9 0.0242 6.79 0.164 18.39 29.90 
10 0.0239 6.84 0.164 18.52 29.45 
11 0.0242 6.83 0.165 18.34 29.13 
12 0.0252 7.08 0.178 18.38 31.43 
13 0.0245 6.90 0.169 18.46 29.87 
14 0.0240 6.99 0.167 18.84 30.86 
15 0.0249 7.09 0.177 18.66 32.10 
16 0.0247 6.95 0.172 18.58 30.97 
17 0.0245 6.99 0.171 18.67 30.74 
 
Average 0.0243 6.91 0.168 18.52 30.34 
SD 0.0004 0.096 0.005 0.173 0.943 
CV(%) 1.774 1.381 2.835 0.934 3.110 
 












Table 4: Reproducibility of 2 inch (5.1cm) TEPC measurements at  
Ep = 1.91 MeV and Ip = 400 µA with dose and dose equivalent rates 


































Dose rate per unit  
100 μA       
Dose eq. rate per  






1 0.0392 7.13 0.279 18.79 30.77 
2 0.0386 7.09 0.274 19.04 29.98 
3 0.0380 6.81 0.259 18.76 28.97 
4 0.0391 7.08 0.277 19.18 30.58 
5 0.0399 7.38 0.294 19.24 32.68 
6 0.0384 7.00 0.269 19.10 30.32 
7 0.0385 7.10 0.274 19.06 29.51 
8 0.0387 7.15 0.276 19.39 30.84 
9 0.0395 7.13 0.282 18.95 31.16 
10 0.0380 7.17 0.273 19.34 30.56 
11 0.0380 7.16 0.272 19.26 30.58 
12 0.0385 7.16 0.275 19.12 30.82 
13 0.0390 7.31 0.285 19.37 31.24 
14 0.0388 7.00 0.272 19.03 30.08 
15 0.0392 7.10 0.279 19.14 29.85 
16 0.0392 7.00 0.275 18.78 29.64 
17 0.0392 7.08 0.278 18.75 30.40 
 
Average 0.0388 7.11 0.276 19.08 30.47 
SD 0.0005 0.125 0.007 0.213 0.829 
CV(%) 1.4079 1.757 2.683 1.119 2.722 
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4.1.3 Precision of TEPC Measurements Due to Varying Ip at a given Ep 
These measurements were aimed to determine the reproducibility of TEPC measurements 
for experimental conditions where experiments require varying Ip at a given. Ep. 
A set of 13 measurements were conducted by varying proton beam current in steps of 
25µA from 150  to  at a fixed beam energy of 1.94 MeV, each measurement 
with a counting interval of 5 sec. 
The dosimetric parameters obtained from lineal energy measurements are given in Tables 
5, 6, and 7. These tables also present (SD) and  for dosimetric quantities of 
interest which indicates that the  for all of these quantities is less than 4.5%. It 
means that these quantities of interest are reproducible within 4.5% under similar 
conditions of experiments. 
The largest  observed for all quantities of interest, was observed at Ip =  
and smallest one was observed at Ip =  with increases in Ip the number of counts 
per unit time increases which results in smaller statistical uncertainty. It is also interesting 
to note from these tables that the largest  is roughly 4% which is not very much 
different from what we have observed in our previous set of measurements at 1) constant 
beam energy and beam current, and 2) varying the beam energy at a fixed beam current. 
This means that the uncertainty introduced by changing beam current is small compared 








Table 5: Reproducibility of 2 inch (5.1cm) TEPC measurements at 
Ep = 1.94 MeV and Ip = 150 µA with dose and dose equivalent rates 




Dose rate per unit  
100 μA  
Dose eq. rate per  






01 0.085 7.71 0.660 20.61 31.60 
02 0.087 7.89 0.694 20.80 32.83 
03 0.088 7.80 0.691 20.78 32.60 
04 0.088 7.94 0.699 20.91 32.51 
05 0.086 7.80 0.671 20.77 32.47 
06 0.085 7.83 0.669 20.80 32.22 
07 0.087 7.85 0.683 20.90 32.79 
08 0.088 7.82 0.689 20.70 32.10 
09 0.084 7.71 0.647 20.57 31.77 
10 0.087 7.89 0.692 20.81 32.47 
11 0.086 7.71 0.668 20.70 32.01 
12 0.086 7.87 0.677 20.79 32.24 
13 0.086 7.83 0.675 20.84 32.36 
      
Average 0.086 7.824 0.678 20.76 32.30 
SD 0.001 0.073 0.015 0.099 0.366 



























Table 7: Reproducibility of 2 inch (5.1 cm) TEPC measurements at 
         Ep = 1.94 MeV and Ip = 175 µA with dose and dose equivalent rates 




Dose rate per unit  
100 μA  
Dose eq. rate per  






01 0.087 7.80 0.679 20.74 32.82 
02 0.087 7.76 0.674 20.57 32.43 
03 0.089 7.87 0.698 20.80 32.80 
04 0.087 7.84 0.682 20.88 32.39 
05 0.086 7.94 0.682 20.85 32.72 
06 0.085 7.83 0.669 21.03 32.85 
07 0.085 7.70 0.656 20.76 31.59 
08 0.087 7.83 0.679 20.72 32.37 
09 0.087 7.74 0.670 20.63 32.24 
10 0.086 7.76 0.671 20.58 32.66 
11 0.088 7.88 0.691 20.89 32.91 
12 0.086 7.76 0.671 20.74 32.35 
13 0.088 7.97 0.705 20.92 33.44 
 
Average 0.0867 7.827 0.679 20.77 32.58 
SD 0.0009 0.078 0.013 0.136 0.438 
















   
Table 6: Reproducibility of 2 inch (5.1 cm) TEPC measurements at 
        Ep = 1.94 MeV and Ip = 200 µA with dose and dose equivalent rates 




Dose rate per unit  
100 μA  
Dose eq. rate per  






01 0.0883 7.83 0.692 20.61 32.47 
02 0.0872 7.80 0.680 20.65 32.20 
03 0.0866 7.82 0.677 20.83 32.53 
04 0.0873 7.76 0.678 20.73 32.05 
05 0.0868 7.77 0.675 20.75 32.34 
06 0.0868 7.75 0.673 20.56 31.84 
07 0.0886 7.94 0.704 20.79 32.94 
08 0.0869 7.83 0.681 20.73 32.84 
09 0.0880 7.77 0.683 20.64 33.00 
10 0.0858 7.75 0.665 20.68 32.01 
11 0.0890 7.93 0.706 20.80 33.18 
12 0.0878 7.84 0.689 20.84 32.83 
13 0.0870 7.73 0.673 20.82 31.70 
 
Average 0.0874 7.812 0.6827 20.72 32.45 
SD 0.00089 0.065 0.0119 0.091 0.478 
CV(%) 1.02926 0.840 1.7554 0.443 1.473 
 
  
Lithium target deterioration and positioning of the counters could also contribute the 
overall experimental uncertainty of the experiments conducted at accelerator-based 
neutron sources, however, we have not considered these sources of uncertainties in our 
experiments as we conducted our experiments in a way that have a minimal effect on the 
overall experimental uncertainty, the experiment was completed in a short time in order 
to neglect the lithium target deterioration, and the positioning of the counter from the 
target was kept constant. 
From the above experiments we can conclude that the reproducibility of measurements: 
has no appreciable dependence on beam current or beam energy and can roughly be 
considered as 5% even for the shortest interval of measurements we employed in this 




or decrease in measured qualities can be judged to be significant, for example if such 
changes are measured under different dose rate conditions. 
 
4.2 Effect of High Dose Rate on TEPC Microdosimetric 
Measurements in Mixed Photon and Neutron Fields 
 
4.2.1 Dose Rates for Mixed Field Photons and Neutrons from 
Accelerator Based Neutron Source 
Accelerator based neutron sources provide an opportunity to change the dose rate without 
changing the neutron spectrum by varying the projectile beam current at a given beam 
energy. The Tandetron accelerator at McMaster University can be safely operated under 
stable conditions to provide a proton beam current as high as 400 µA and low as 10 µA at 
a given beam energy. Therefore, at any given beam energy dose rates can safely be 
changed by a factor of 40 without changing the neutron spectrum. In addition, neutron 
dose rates with a thick 
7




Be reaction can vary approximately by a 
factor of 400 when the proton beam energy is changed from the threshold (1.88 MeV) of 
the reaction to the Tandetron maximum beam energy of 2.5 MeV. As mentioned 
previously this increase in dose rate is brought about by increases in neutron cross 
section, see figure 7, proton penetration in the target and neutron kerma factor as the 
accelerator proton beam energy is increased above the threshold for the Li(p,n)Be 
reaction.  
Inelastic scattering interaction of proton with the target produces 478 keV γ rays. The 
ratio of photon to neutron dose depends on the beam energy and is highest at the 
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To investigate the effect of high dose rate in mixed photon and neutron field, three sets of 
measurements were carried out under the following conditions of measurements: 
 Intense fields of both photons and neutrons which resulted in high dead times in 
both MCAs of TEPC data acquisition system. 
 Intense photon fields and a weak neutron field which resulted in high dead time 
on MCA1 and low dead time on MCA2. 
 Influence of pile up rejection circuit on TEPC measurements. 
 
4.2.2 TEPC Measurements in an Intense Mixed Photon and Neutron 
Field 
The purpose of these measurements was to investigate the effect of high dose rate on 
TEPC measurements for both low and high LET component of the radiation field. Direct 
neutron beam energy from the Tandetron accelerator laboratory at McMaster University 
was employed to generate extreme dose rates of mixed fields by varying the beam current 
from 400 µA to as low as 10 µA at a selected beam energy which gave rise to dead times 
as high as 75% and as low as 5%. The highest dead time resulted from the highest dose 
rate achieved at a given beam energy with 400 µA proton current and the lowest dose rate 
achieved at 10 µA which had the smallest dead times of less than 10%. The proton 
energies investigated for these measurements range from 2.0 to 2.5 MeV. The 
measurements were conducted with a two inch diameter single wire TEPC which was 
placed 17cm from the lithium target. In this set of measurements the gas gain was set to 
measure the lineal energy spectrum in the range above 6  which have 
contributions from both photons and neutrons in the spectrum.  
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In Figures 8 and 9 the measured event size spectra are shown for the highest proton 
energy of 2.5 MeV and the lowest proton energy of 2.0 MeV. These proton beam 
energies correspond to mean neutron energies of 330 keV and 75 keV. Both spectra are 
for the lowest dose rate and count rate. In Figure 8 the shape of the event size spectrum 
shows the recoil proton peak at a lineal energy of between 60 and 80 keV/μm, which 
corresponds to the stopping power of proton of energy around 200 keV, typical of what 
would be generated through elastic scattering with neutrons of energy 330 keV. Also 
prominently seen is the sharp edge to the event size spectrum, known as the proton edge, 
at a lineal energy of 130 keV/μm. This edge is caused by protons of maximum stopping 
power and just sufficient range to cross the counter cavity. These protons have an energy 
of about 100 keV. In figure 9 the lineal energy spectrum measured at a proton beam of 
2.0 MeV and corresponding to neutrons of 75 keV, the shape of the spectrum is quite 
different. The proton edge is still positioned at around 130 keV/μm due to recoil protons 
of maximum energy gained from elastic scattering of the neutrons, however, the proton 
peak is now much broader and centered around 30 keV/μm. The average energy from 
recoil protons from neutrons of 75 keV will be approximately 37 keV. These protons 
have a range of 0.6 μm in tissue and therefore will be completely stopped in the gas 
cavity depositing all of their energy. 
If 37 keV of energy is deposited in a counter simulating 2 μm of tissue, the lineal energy 
event size will be 37 keV/ 1.337 μm = 28 keV/ μm corresponding to the broad peak seen 

























Figures 10-15 illustrate lineal energy spectra measured in mixed photon and neutron 
fields with a 2 inch spherical TEPC at proton beam energies of 2.5, 2.4, 2.3, 2.2 and 2.1 
MeV. 
In Figures 10, 11, 12 and 13, the pile up effect is clearly visible at the highest dose rate 
which amounts to approximately 70% dead-time on both MCAs. This pile up results in 
extending the event size towards higher lineal energy and as a result the proton peak 
position and proton edge are shifted towards higher lineal energies, i.e., we expect to 
observe an increase in the values for quality factor,  and . This effect becomes less 
obvious in Figures 14 and 15, as the dead time is reduced to the order of 25% on MCA2 
and the effect is almost negligible below 25%.  
Tables 8 to 13 present the analysis of the lineal energy spectra presented in Figures 10-
15, Statistical uncertainty was estimated using error propagation formula and is included 
in this table for quantities of interest. The dead time due to varying dose rates vary in the 
range of approximately 70% to less than 10%, which we commonly use for TEPC 
measurements. The tables demonstrate that the quality factor increased by almost 30% 
when the dead time was changed from less than 10% to the highest value we have in this 
set of measurements. This effect is more obvious for micordosimetric averages,  and 
, which were overestimated by more than 50% due to pile up effects which extended 
the event size spectrum towards higher lineal energies. It is interesting to note that the 
dose rate per unit beam current, estimated from the lineal energy measurements presented 
in Figures 9-14, did not change more than 10% due to pile up of pulses. However, as the 
quality factor is affected by high dead times the dose equivalent was overestimated by the 
same magnitude as the quality factor.  
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Thus, when dead time is within 20-25% on any of the two MCAs or on both MCAs, any 
over-estimate in microdosimetric quantities or the quality factor would fall within the 
overall experimental uncertainty in the measurements. 
 
Table 8: Effect of high dose rate on lineal energy spectrum of neutrons measured with 2 
inch TEPC at a proton beam energy of 2.5 MeV.  
 
Ip  Dead time (%) 
Dose rate per 
unit 100 μA 
 
 
Dose eq. rate per 









(mSv/min) (keV/μm) (keV/μm) 
400 75.28 69.33 8.47±0.0010 19.83±0.135 167.86±0.135 57.36±0.113 85.42±0.152 
300 75.19 64.8 8.98±0.0012 19.10±0.148 171.51±0.148 52.87±0.122 78.75±0.164 
200 75.28 51.69 9.30±0.0014 17.94±0.164 166.84±0.164 47.08±0.131 70.88±0.178 
75 45.56 25.84 9.11±0.0018 15.95±0.185 145.33±0.185 39.37±0.142 59.71±0.191 
25 17.75 9.89 9.51±0.0025 15.32±0.241 141.38±0.241 37.63±0.183 56.27±0.243 











                                      
 
 
Figure 10: Effect of high dose rate on TEPC lineal energy spectra measurements  




Table 9: Effect of high dose rate on lineal energy spectrum of neutrons measured with 2 
inch TEPC at a proton beam energy of 2.4 MeV. 
 
  Dead time (%) 
Dose rate per 
unit 100 µA  
Dose eq. rate per 
unit 100 µA   
(μA) MCA1 MCA2 (mGy/min)   (mSv/min) (keV/μm) (keV/μm) 
400 76.40 65.77 7.440.0011 19.390.137 144.200.137 54.490.113 81.490.152 
300 76.14 57.42 7.230.0012 18.470.139 133.570.139 49.390.112 74.510.152 
200 74.42 46.07 7.950.0019 17.380.207 138.220.207 44.440.163 67.770.222 
75 39.74 19.10 7.490.0019 15.550.192 116.410.192 37.900.145 57.990.197 
25 14.81 7.87 7.670.0024 15.040.231 115.440.231 36.640.174 55.200.232 














Figure 11: Effect of high dose rate on TEPC lineal energy spectra measurements  







Table 10: Effect of high dose rate on lineal energy spectrum of neutrons measured with 2 
inch TEPC at a proton beam energy of 2.3 MeV. 
  Dead time (%) 
Dose rate per unit 
100 µA  
Dose eq. rate per 
unit 100 µA   
(µA) MCA1 MCA2 (mGy/min)   (mSv/min) (keV/µm) (keV/µm) 
400 76.67 59.55 5.870.0013 18.410.152 108.100.152 48.970.122 74.450.167 
300 76.14 49.92 5.920.0016 17.380.174 102.790.174 44.220.137 68.120.188 
200 67.13 40.36 6.080.0017 16.420.175 99.850.175 40.510.134 62.880.185 
75 34.87 15.62 5.640.0019 14.990.178 84.570.178 35.970.133 55.640.181 
25 11.66 5.69 5.770.0032 14.670.294 84.600.294 35.250.219 53.860.294 















Figure 12: Effect of high dose rate on TEPC lineal energy spectra measurements  









Table 11: Effect of high dose rate on lineal energy spectrum of neutrons measured with 2 
inch TEPC at a proton beam energy of 2.2 MeV 
  Dead time (%) 
Dose rate per 
unit 100 µA  
Dose eq. rate per 
unit 100 µA   
(μA) MCA1 MCA2 (mGy/min)   (mSv/min) (keV/μm) (keV/μm) 
400 73.73 40.45 3.360.0013 15.940.138 53.490.138 38.650.104 61.330.147 
300 64.68 33.71 3.210.0013 15.020.129 48.260.129 35.620.095 56.970.135 
200 52.55 23.77 3.310.0018 14.390.169 47.590.169 33.860.123 54.110.174 
75 20.73 9.9 3.000.0027 13.670.245 40.970.245 32.260.176 50.710.246 
25 7.32 3.59 3.040.0044 13.610.391 41.380.391 32.280.282 50.250.391 
















Figure 13: Effect of high dose rate on TEPC lineal energy spectra measurements  










Table 12: Effect of high dose rate on lineal energy spectrum of neutrons measured with 2 
inch TEPC at a proton beam energy of 2.1 MeV. 
  Dead time (%) 
Dose rate per 
unit 100 µA  
Dose eq. rate per 
unit 100 µA   
(μA) MCA1 MCA2 (mGy/min)   (mSv/min) (keV/μm) (keV/μm) 
400 45.58 18.68 1.180.0019 12.000.163 14.190.163 27.990.110 45.690.167 
300 34.33 13.52 1.110.0019 11.620.157 12.940.157 27.200.105 44.170.159 
200 23.6 9.11 1.100.0024 11.440.201 12.530.201 27.020.135 43.330.203 
75 7.99 3.26 1.000.0038 11.360.310 11.370.310 27.050.208 43.010.311 
25 3.66 1.14 1.030.0069 11.470.564 11.810.564 27.380.380 43.420.572 














Figure 14: Effect of high dose rate on TEPC lineal energy spectra measurements  









Table 13: Effect of high dose rate on lineal energy spectrum of neutrons measured with 2 
inch TEPC at a proton beam energy of 2.0 MeV. 
  Dead time (%) 
Dose rate per 
unit 100 µA  
Dose eq. rate per 
unit 100 µA   
(μA) MCA1 MCA2 (mGy/min)   (mSv/min) (keV/μm) (keV/μm) 
400 25.86 8.52 0.500.0022 9.970.173 4.990.173 24.200.111 38.850.180 
300 18.85 6.79 0.480.0026 9.740.195 4.660.195 24.030.125 38.170.202 
200 11.52 4.49 0.460.0034 9.810.259 4.510.259 24.110.167 38.150.266 
75 4.66 2.22 0.420.0051 9.840.386 4.140.386 24.370.250 38.220.395 
25 1.34 0.93 0.440.0075 9.980.574 4.360.574 24.570.373 38.810.603 















Figure 15: Effect of high dose rate on TEPC lineal energy spectra measurements  









4.2.3 TEPC Measurements in Intense Photon Field and Weak Neutron 
Field 
Experiments were conducted to find the experimental conditions at the Tandetron 
accelerator to generate a mixed photon neutron field with a very strong photon field 
compared to neutrons field to mimic the most common exposure situations in nuclear 
power plants, in order to investigate the influence of high dead time due to photons on the 
neutron measurements. 
TEPC measurements were conducted in a neutron beam thermalized by using a 
polyethylene moderator placed after the lithium target to moderate neutrons see Figure 6. 
The polyethylene, having a high concentration of hydrogen, presents a large scattering 
section to the neutrons through elastic collisions with the hydrogen atoms. The fast and 
epithermal neutrons give up a large part of their energy and are reduced to thermal 




H producing 2.22 MeV γ 
rays. 
A 2 inch TEPC was placed in the irradiation cavity (Figure 6) centered on the proton 
beam axis 17 cm after the 
7
Li target. The proton energy employed in this series of 
experiments ranged from 1.89 to 1.94 MeV with the beam current ranging from 100 µA 
to 400 µA. A lineal energy measurement conducted at a proton beam energy of 1.94 MeV 
with 400 µA resulted in the highest dead time of approximately 50% on MCA1 and 
minimal on MCA2. The lowest beam energy employed in this study (1.89 MeV) with the 
100 µA caused minimal dead time on both MCAs. Other combinations of proton beam 
energy and beam current resulted in dead times between 50% and 5%.   
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The TEPC measurement in mixed field radiation with an intense photon field is shown in 
Table 14. It can be concluded from the analysis presented in this table that an intense 
photon field does not have as much impact on the measured lineal energy spectra as an 
intense neutron field and even pulse pile effects caused by dead time as high as 50% are 
negligible as changes in the measured quantities i.e. well within their statistical 
uncertainties. This could possibly be due to the pile up of events from low LET radiations 
(say two 10 keV/µm events) resulting in an event which would fall under the lower end 
of the lineal energy spectrum due to neutrons (say 20 keV/µm) whereas the pile up of 
high lineal energy events distort the spectrum towards higher lineal energy values which 
have a greater impact due to the dependence of Q on lineal energy y. 
 
Table 14: Effect of dead time on lineal energy spectrum of neutrons measured 
with 2 inch TEPC at a proton energy below the threshold. 
 
Ep = 1.94 MeV 
  Dead time (%) 
Dose rate per 
unit 100 µA  
Dose eq. rate 
per unit 100 µA   
(μA) MCA1 MCA2 (mGy/min)   (mSv/min) (keV/μm) (keV/μm) 
400 50.00 4.17 0.200.0050 4.860.27 0.9560.27 4.510.08 19.070.39 
300 44.44 2.82 0.200.0038 4.680.37 0.9270.37 4.320.11 18.280.52 
200 29.01 1.41 0.210.0063 4.700.47 0.9950.47 4.320.13 18.300.66 
100 14.14 1.40 0.200.0099 4.860.73 0.9800.73 4.240.21 18.281.04 
 
Ep = 1.93 MeV 
  Dead time (%) 
Dose rate per 
unit 100 µA  
Dose eq. rate 
per unit 100 µA   
(μA) MCA1 MCA2 (mGy/min)   (mSv/min) (keV/μm) (keV/μm) 
400 45.06 2.82 0.170.0059 4.730.43 0.7970.43 4.360.12 18.530.61 
300 37.91 2.60 0.170.0066 4.530.48 0.7860.48 4.190.13 17.620.68 
200 25.90 1.42 0.180.0075 4.570.56 0.8330.56 4.130.15 17.890.82 





Ep = 1.92 MeV 
  Dead time (%) 
Dose rate per 
unit 100 µA  
Dose eq. rate 
per unit 100 µA   
(μA) MCA1 MCA2 (mGy/min)   (mSv/min) (keV/μm) (keV/μm) 
400 35.90 2.78 0.140.0057 4.470.42 0.6160.42 4.160.11 17.400.60 
300 34.72 2.82 0.140.0070 4.400.52 0.6350.52 4.070.13 16.980.72 
200 22.22 1.41 0.150.0073 4.490.54 0.6570.54 4.050.14 17.400.78 
100 10.00 1.40 0.140.0118 4.840.89 0.6620.89 4.140.24 18.701.26 
 
Ep = 1.91 MeV 
  Dead time (%) 
Dose rate per 
unit 100 µA  
Dose eq. rate 
per unit 100 µA   
(μA) MCA1 MCA2 (mGy/min)   (mSv/min) (keV/μm) (keV/μm) 
400 30.90 1.60 0.110.0073 4.310.53 0.4630.53 4.030.14 16.660.77 
300 26.00 1.40 0.110.0087 4.250.64 0.4700.64 3.960.16 16.410.93 
200 16.57 1.41 0.110.0092 4.440.69 0.4920.69 3.990.18 17.181.00 
100 7.90 1.40 0.100.0143 4.781.08 0.4961.08 4.070.29 18.381.52 
 
Ep = 1.90 MeV 
  Dead time (%) 
Dose rate per 
unit 100 µA  
Dose eq. rate per 
unit 100 µA   
(μA) MCA1 MCA2 (mGy/min)   (mSv/min) (keV/μm) (keV/μm) 
400 21.24 1.60 0.080.0081 4.660.59 0.3300.59 3.990.14 18.390.90 
300 18.43 1.40 0.070.0101 4.230.76 0.3200.76 3.880.18 16.331.12 
100 5.63 1.40 0.070.0128 4.660.99 0.3320.99 3.990.26 18.391.51 
 
Ep = 1.89 MeV 
  Dead time (%) 
Dose rate per 
unit 100 µA  
Dose eq. rate 
per unit 100 µA   
(μA) MCA1 MCA2 (mGy/min)   (mSv/min) (keV/μm) (keV/μm) 
400 13.65 1.60 0.080.0094 3.810.70 0.330.70 3.920.16 16.881.02 
300 10.45 1.40 0.040.0098 3.710.72 0.160.72 3.710.18 14.471.12 




4.2.4 Influence of Pile up Rejection Circuit on TEPC Measurements 
The aim of conducting this series of experiments using the pile up rejection option in 
both MCAs was to determine whether this option can reduce the dead time at a selected 
dose rate and the accompanying distortion of the event size spectrum. 
Measurements were carried out without the pile up rejection circuit at proton energies of 
2.1-2.5 MeV in steps of 100 KeV at a fixed beam current of  
After completing the experiment the pile up rejection circuit was turned on to start a new 
set of measurements; TEPC measurements conducted using the direct beam energy of 
 at beam current of , the results summarized in table 15. 
The results of the measurements (Table 15) indicate an increase in dead time on MCA1 
and on MCA2 with the pile up rejection circuit „on‟ and these increases in dead time will 
resulted in very inefficient measurements; pile up rejection does, however, reduce the 
impact of high count rates on the measured lineal energy values and the quality factor Q, 
as can be seen in Figure 16 and Table 15. 
Although spectrum distortion is significantly reduced by pile-up rejection, the resulting 
very high dead time means this is not an option which can be used in a practical 
instrument design. 
 
Table 15: Effect of high dead time on 2 inch TEPC measurements, using the pile up 
rejection circuit 
Pile up 
rejection Dead time (%) 
Dose rate per 
unit 100 µA  
Dose eq. rate 
per unit 100 µA   
 
MCA1 MCA2 (mGy/min)   (mSv/min) (keV/m) (keV/m) 
Off 74.36 58.33 0.9360.001 18.280.084 14.390.084 48.00.68 73.480.092 



























Figure 16: Effect of pulse up rejection on TEPC lineal energy measurements made at 
high dose rate for proton beam energy of 2.4 MeV. 
 
Lineal energy spectra presented in Figure 15 were measured when the pile up rejection 
(PPR) circuit turned off and the second measurement when the pile up rejection circuit 
was turned on. 
 
4.3 Possible Alternative Strategy to Improve Response of 
TEPCs in High Dose Rate Environment 
As shown in section 4.2.2, although the high dead time on MCA1 for measuring the 
lower end (gamma) of the event size spectrum does not influence the measurement of 
dose equivalent in a mixed field, it does lead to inefficient measurement in terms of the 
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actual time in the field in which data is being measured. This could possibly be avoided 
by using different detectors for the gamma and neutron components with a different 
sensitivity. In order to study this, measurements were carried out with the aim to find 
how well the gamma component and neutron component can be measured with separate 
data acquisition channels and to demonstrate the usefulness of the data acquisition system 
currently in use for future measurements with separate TEPCs (or different elements of a 
multi-element TEPC) to measure photon and neutron components separately.  
As mentioned before, in a mixed neutron-gamma field it is important to separate the 
radiation components since neutrons have a large quality factor and the amount of dose 
delivered is an important issue in radiation protection as the biological effects associated 
with these two types of radiations are quite different. To investigate the use of two 
counters with different sensitivities, the gamma contribution was determined using 0.5 
inch TEPC presenting a low gamma sensitivity and the neutron component with a 2 inch 
TEPC with a high neutron sensitivity. Both TEPCs were filled with propane based tissue 
equivalent gas to simulate a 2 µm site size. The gas gain of counters was set in such way 
that the 2 inch counter measured only the neutron component and the 0.5 inch counter 
measured only the photon component. This demonstrates that the data acquisition system 
currently in use, which was originally designed to acquire spectra from one TEPC, could 



















Figure 17: Demonstration of the principle of separate measurements with two TEPCs of 
different sensitivity. Lineal energy spectra were generated using a 2.0 MeV proton beam 
with a current of 400 µA. 
 
The mismatch was observed, as shown in Figure 17, due the difference of the sensitivity 
of the two counters, the 2 inch counter is 4 times larger in diameter than the 0.5 inch 
counter which means that the sensitivity of the 2 inch counter is some 16 times larger 













Conclusions and Future Work 
The main aim of this study was to investigate the dose rate response of a TEPC to obtain 
microdosimetric information, quality factor, absorbed dose and dose equivalent in low 
energy neutron mixed neutron-gamma radiation fields. This study was also aimed at 
improving the understanding of the underlying physical processes in order to obtain 
information for further improvements of dosimetry in low neutron energy mixed field 
environments such as at the nuclear power generation stations, and nuclear fuel 
processing plants. The objective was achieved by conducting measurements with TEPCs 
at the McMaster University Tandetron accelerator irradiation facility using neutrons with 
energy range of 33 keV to 330 keV. 
This chapter provides a discussion of the most important accomplishments presented 
throughout this thesis and suggests aspects of future research. 
Measured data indicated that for a lineal energy measurement, conducted at a proton 
beam energy of 2.5 MeV with 400 µA resulted in the highest dead time of approximately 
75% on MCA1 and the lowest beam energy conducted in this study (1.89 MeV) with 100 
µA proton beam current caused minimal dead time on both MCAs used in the recording 







The following conclusion can be drawn from this work: 
 Beam current or beam energy can be considered as a giving rise to a 5% 
uncertainty in measured dosimetric quantities even for the short measurement 
times of 5 second and are the leading variables for reproducibility of 
measurements. 
 High dose rates due to both photons and neutrons in a mixed field of radiation 
result in pile up of pulses that distort the lineal energy spectrum and result in a 
proton peak position and proton edge shifted towards higher lineal energies. We 
observe an increase in the values for quality factor,  and  and consequently 
the dose equivalent. 
 The quality factor was increased by almost 30% when the dead time was changed 
from less than 10% to the highest value. 
 The pile up effect and the resulting distortion in the lineal energy spectrum 
becomes prominent at dose rates which result in dead times larger than 25% for 
the high LET radiation component. 
 Intense neutron fields, which may amount to 75% dead time, could result in a 
50% or larger increase in values for microsdosimetric averages and the neutron 
quality factor. 
 Dose rate per unit beam current estimated from the lineal energy measurements 
determined in high count rate experiments did not change more than 10% due to 
pile up of pulses. However, as the quality factor is affected by high dead times the 
dose equivalent is overestimated by the same magnitude as the quality factor.  
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 The TEPC measurement in mixed field radiation with an intense photon field 
showed that the intense photon field does not have as much impact on the lineal 
energy spectrum as an intense neutron field and even pulse pile effects caused by 
dead times as high as 50% need not be considered for most applications in 
radiation protection monitoring and dosimetry, other than a decrease in the 
efficiency of the measurements in terms of actual data collection time. 
 Pile up rejection signal processing is not an option to eliminate the distortion in 
the spectrum due to pile up of resulting pulses at high dose rate. 
 This study demonstrated that moderate dose rates which do not result in dead 
times more than 20-25%, due to either of the component radiation or due to both 
components of mixed field radiation can generate results which are acceptable for 
most of operational health physics radiation monitoring purposes.  
 
5.2 Recommendation for Future Plans 
Future work can be performed in the capacity of demonstrating that the data acquisition 
system currently in use, which was originally designed to acquire spectrum from one 
TEPC, could be extended without any modification to acquire lineal energy spectra from 
two TEPCs. This could be useful for future development of multi element TEPC 
(METEPC) reported by Aslam and Waker [28] as the central element of the counter 
could be reserved for photon measurements and rest of the 60 elements will be used to 
acquire lineal energy spectrum due to neutrons. Thus the photon dose could be recorded 
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with low sensitivity in a high dose rate gamma radiation field and the neutron component 
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